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ABSTRACT
The sensitivity of hairpin-probe-based fluorescence
resonance energy transfer (FRET) analysis was
sequence-dependent in detecting single base mis-
matches with different positions and identities. In
this paper, the relationship between the sequence-
dependent effect and the discrimination sensi-
tivity of a single base mismatch was systematically
investigated by fluorescence analysis and force
spectroscopy analysis. The same hairpin probe
was used. The uneven fluorescence analysis sensi-
tivity was obviously influenced by the guanine-
cytosine (GC) contents as well as the location of
the mismatched base. However, we found that force
spectroscopy analysis distinguished itself, display-
ing a high and even sensitivity in detecting differ-
ently mismatched targets. This could therefore be
an alternative and novel way to minimize the
sequence-dependent effect of the hairpin probe.
The advantage offered by force spectroscopy
analysis could mainly be attributed to the percen-
tage of rupture force reduction, which could be
directly and dramatically influenced by the percen-
tage of secondary structure disruption contributed
by each mismatched base pair, regardless of its
location and identity. This yes-or-no detection
mechanism should both contribute to a compre-
hensive understanding of the sensitivity source of
different mutation analyses and extend the applica-
tion range of hairpin probes.
INTRODUCTION
Certain diseases, as well as disease resistance to curative
medicines, can be attributed to the phenomenon of single
base mutation. Therefore, the reliable detection of single
base mutation is of great importance in the biological and
medical sciences. Typically, sequencing is the preliminary
technique for mutation detection (1,2). However, when the
identity of the mutation-containing sequence is known,
various oligonucleotide (ODN) probe techniques, based
on hybridization, oﬀer an attractive alternative (3,4).
Among these alternatives, using a hairpin probe including
a stem and a loop ODN portion was ﬁrst employed by
Tyagi et al. (5–7), who also successfully applied hairpin-
probe-based ﬂuorescence resonance energy transfer
(FRET) to detect speciﬁc nucleic acids. Since then, the
simple and novel architecture of hairpin probes has
consistently received wide attention and prompted the
widespread use of hairpin probes in both homogeneous
and heterogeneous assays (8–11). Furthermore, continu-
ing improvement of hairpin probe properties has focused
on the development of strategies aimed at raising detection
limits, selectivity and background discrimination (12–15).
The high speciﬁcity, high signal-to-noise ratio and the
capability of homogeneous detection all make possible
a hairpin probe capable of revealing the presence of
mismatched bases in target ODN using various detection
techniques (16–18). Fluorescence is currently one of the
most useful tools to accomplish this end. However, the
application of ﬂuorescence analysis in this ﬁeld can be
problematic. For instance, even if the length of the probe
sequence and the identity of the stem base pairs have
been constructed with great care, the performance of
the same hairpin probe obviously still varies in its ability
to distinguish a single base mismatch with a diﬀerent
position and identity in one target sequence. Con-
sequently, this sequence-dependent eﬀect becomes a
limitation in mismatch analysis and probably restricts
the application of hairpin probes for analyzing single
nucleotide polymorphisms (19,20). It was found that the
sequence-dependent eﬀect could be minimized by a special
sequence design, such as embedding the mismatched pairs
in the same neighboring base pair (20). Notwithstanding
this discovery, hairpin probe design is not as simple as
attaching arbitrary arm sequences to a linear one (21), and
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single base mismatches increases design complexity. These
ﬂaws, therefore, call for other techniques liberated from
the constraints imposed by the sequence-dependent eﬀect.
Because it can detect the forces required to separate
strands of DNA, atomic force microscopy (AFM) with
ultra-sensitive force spectroscopy analysis has attracted
enormous attention and has been applied to detect base
mismatches (22–26). AFM can provide detailed informa-
tion about base pair interaction and ODN conformational
changes, and it is a potential way to achieve various
mutation analyses on a base level scale. Alternatively, in
our previous work, hairpin probes and force spectroscopy
analysis have been successfully applied to detect a single
base mismatch (18). However, up to now, it has been
uncertain whether force spectroscopy analysis has the
ability to diminish the sequence-dependent eﬀect of
hairpin probes.
Therefore, the purpose of this study is 2-fold: (i) to
uncover the sensitivity source of diﬀerent mutation
analysis and (ii) to report a novel approach, which
avoids the sequence-dependent eﬀects of the hairpin
probe. Fluorescence analysis and force spectroscopy
analysis with the same hairpin probe were applied in
order to ascertain the sensitivity of each in discriminating
single base mismatches in various positions and of
diﬀerent identities. Interestingly, it was found that the
sensitivity of force spectroscopy analysis is less dependent
than ﬂuorescence analysis upon the locations or identities
of the mismatched base pairs, which proves that the ability
of hairpin probes in discriminating single base mismatch
could be improved by force spectroscopy analysis.
MATERIALS AND METHODS
Sequences ofprobe andtargets
A hairpin probe with the same sequence was used in all
experiments. ODN 1 was the perfectly matched target.
ODNs containing a single base mismatch, named as 2-1,
2-2, 2-3, 3-1 ... were designed according to the diﬀerent
mutation location and identity in ODN 1 and are shown
in Table 1. Additionally, a drawing of the hairpin probe
marked with a serial number of mismatched target ODNs,
which reﬂects the distance from the mismatch position to
the loop center, is given in the Supplementary Data
(Scheme S-1).
Fluorescence analysis of probe–targets interaction
In this part, FAM and DABCYL, used to report the
target DNA, were attached to the 50 end and 30 end
of the hairpin probe, respectively (Takara Co., Dalian).
The ﬂuorescence intensity of a 100-ml solution containing
19.8 nM molecular beacon probe, 99 nM ODN target,
20mM Tris-HCl and 4mM MgCl2, pH 8, was monitored
as a function of time, using a ﬂuorescence spectro-
photometer F2500 (Hitachi) to determine the initial
velocity of the hybrids formed by the hairpin probe and
its perfectly matched or mismatched target ODNs.
Force spectroscopy analysis of probe–targets interaction
The rupture forces between the biotinylated hairpin probe
(Invitrogen Co., Shanghai) and various thiolated ODNs
(Takara Co., Dalian) were measured with an SPA400
AFM(Seiko Instruments, Japan) in a liquid cell, ﬁlled with
a hybridization buﬀer (20mM Tris-HCl and 0.1M MgCl2,
pH 8). The spring constant of the commercial cantilevers
is 0.02N/m, which was not further calibrated. The same
tip was employed for one set of experiments in the same
solution condition, including perfectly matched and the
diﬀerently mismatched ODNs. Moreover, three diﬀerent
new tips were individually modiﬁed to perform diﬀerent
sets of experiments. The loading rate of the force curve
measurements, ranging from 50 to 250nm/s, was pre-
liminarily investigated, and 200nm/s was ﬁnally chosen
for all the experiments as the consistent loading rate,
which is the premise of the comparative results.
A commercial silicon nitride cantilever (Seiko) with a
pyramidal tip, which was functionalized with a biotiny-
lated hairpin probe according to the procedure reported
before (27), was used. After being immersed in acetone for
5min and then irradiated with ultraviolet light for 30min,
the cantilever was immersed overnight at 378Ci n5 0 ml
of 1mg/ml biotinylated BSA solution (Sigma, St. Louis,
MO), and then rinsed thoroughly with a phosphate buﬀer
(PBS: 20mM Na2HPO4, 150mM NaCl, pH 7.2).
Streptavidin was coupled to the tip through incubation
in 50ml of 1mg/ml streptavidin (Sigma, St. Louis, MO) for
30min at room temperature and then rinsed thoroughly
with PBS. The streptavidin-functionalized tip was incu-
bated in 250 nM of biotinylated hairpin probe solution at
48C overnight. The functionalized tips were stored in
20mM of PBS at 48C.
Au thin ﬁlms used to tether ODNs with an attached
hexanethiol were prepared by vacuum evaporation of high
purity gold (99.99%) onto the ultra plane glass that had
been precoated with chromium to improve adhesion
(200nm of Au, 10nm of Cr). Au substrates were cleaned
in piranha solution (70% H2SO4: 30% H2O2) before
exposure to the thiol-modiﬁed ODNs. (CAUTION:
Piranha solution should be handled with extreme caution.)
The surface was then modiﬁed with mixed self-assembled
Table 1. Probe and target ODN sequences
Hairpin Probe 30GGATCG C A T T T C T C T C C A C G C G G CGATCC 50
ODN 1 50 G T AAAGAG A GGTGC GCC 3 0
Mismatched ODNs0 number 2 3 4 5 6 7 8 9 10
Identity of mismatched base pair 1 TT CT CC TT CT AG GA CT GA
2 T GC AC A T G C AA CG T C AG T
3T C C C C T T C C C A A G G C C G G
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(MCH, 97%, Aldrich), which were prepared by immersing
the clean gold substrate in 250 nM HS-ODN solution for
3h, then in 1.0mM MCH solution for 1h. After being
rinsed thoroughly, the buﬀer used to prepare the
HS-ODN solution was deoxidized with pure N2. MCH
was used to minimize non-speciﬁc adsorption of thiol-
modiﬁed ODNs and to control the molecular density of
the self-assembled monolayers for free hybridization with
the probe (28). Before force spectroscopy analysis
commenced, the substrate was rinsed thoroughly with
deionized water.
Melting curveanalysis
Both the hairpin probe and the target ODNs were used
without further modiﬁcation. They were synthesized by
Shanghai Invitrogen Co. To investigate the thermal
denaturizing proﬁles of the hybrids formed by the probe
and its perfectly matched or mismatched ODN targets,
a ﬂuorescence intensity of 100ml solution containing
a 0.25mM hairpin probe, a 0.25mM ODN target,
1  SYBR Green I, 20mM Tris-HCl and 20mM MgCl2,
pH 8, was measured as a function of temperature. SYBR
Green I could intercalate to the duplex of the ODN and
induce ﬂuorescent emission at 525nm with excitation at
494nm, which was measured in a spectroﬂuorometric
thermal cycler (Applied Biosystems Prism 7000). The
temperature was increased in gradations of 18C from 15 to
808C, and the melting proﬁle was synchronously recorded.
Tm is the highest point in the negative derivative of the
thermal denaturizing proﬁles.
RESULTS
Mutation analysis withfluorescence analysis
The discrimination ability of the hairpin probe for the
perfectly matched ODN, as well as ODNs containing a
single base mismatch diﬀering in identity and location,
was analyzed by monitoring the ﬂuorescence intensity as a
function of time. The initial hybridization velocity was
calculated on the basis of the increase of ﬂuorescence
intensity within the ﬁrst 30s. Figure 1 illustrates the
sensitivity proﬁle of this method in detecting various
ODNs (from ODN 2 to ODN 10). In Figure 1, the X-axis
stands for various mismatched ODNs, while the Y-axis is
the normalized initial velocity of hybridization between
the probe and the mismatched ODN. Each hybrid pair
was measured three times. The initial velocity of the probe
and perfectly matched ODN was set as 1. As the value
of the Y-axis decreases, the sensitivity of the mismatch
discrimination increases.
It can be seen from Figure 1 that ODN 8-3 had the
lowest sensitivity while ODN 7-2 had the highest one. The
sensitivity of ODN 7-2 was 40-fold higher than ODN 8-3.
The obvious diﬀerence in the sensitivity of the probe when
detecting various mismatched ODNs is due to the stability
of the newly formed double-stranded DNA (29), which
inﬂuences both the extension of conformational changes
and the number of target-probe hybrids. The stability
therefore also inﬂuences the initial hybridization velocity.
We noted that certain issues aﬀect the stability of the
duplex. First of all, the GC contents and the location of
the mismatched bases in the sequence can play a role (19).
It is also noteworthy that the probe used here consists of
an asymmetrical GC content. Additionally, the GC
number decreases from the 50 end to the 30 end, and the
number of GC next to the mismatched position increases
from ODN 2 to ODN 10. As a consequence, the sensitivity
diﬀerence resulted from sequence-dependent eﬀect makes
it diﬃcult for ﬂuorescence analysis to detect single base
mismatch in some cases.
Mutation analysis withforce spectroscopyanalysis
A mutation analysis using AFM, in which the tip moved
with approach-retract cycles in the Z-axis, was carried out
in force spectroscopy analysis mode. AFM visual pre-
sentations of the Au ﬁlm before and after modiﬁcation are
shown in Figure S2 in Supplementary Data. These images
reveal the roughness of the surface at the nanometer level,
making force measurement feasible.
As the hairpin probe modiﬁed tip approached the
ODN-coated gold substrate individually (ODN 3, medium
sensitivity; ODN 7, the highest sensitivity; and ODN 8, the
lowest sensitivity), the probe and the target ODN were
brought into close contact, and the hairpin probe
hybridized with the ODNs to form the DNA duplex.
When the tip was retracted, the duplex was separated.
Force curves were obtained by plotting rupture force
versus tip-sample distance during the approaching and
receding process. The maximum force during the retrac-
tion course was related to the magnitude of the rupture
force required to break the DNA duplex. It should be
pointed out that all rupture forces detected in this
experiment represented the total force of all contributing
interactions, including speciﬁc and non-speciﬁc forces;
however, base pair interaction dominates our results.
Mismatches in different locations  
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Figure 1. Normalized ﬂuorescence initial velocity of 27 kinds of
mismatched ODNs with the hairpin probe (nine kinds of mismatches
in three locations highlighted with dark gray have been chosen for
further study).
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mismatched ODN 8 are shown in Figure 2. The rupture
force between the hairpin probe and ODN 1 is much
higher than that of the hairpin probe and ODN 8, which is
in good agreement with the more stable DNA duplex
formed by the hairpin probe and perfectly matched ODN
(25, 30).
According to our previous work, those force curves
originated from the speciﬁc hybridization between
hairpin probe and ODNs 18. Here, force curves of
BBSA-functionalized AFM tip on MCH and HS-
ODN&MCH self-assembled monolayer are plotted in
the Supplementary Data (Figure S-1). These data indicate
that the non-speciﬁc forces are small and have only a
minimal eﬀect upon force measurement. The results
further conﬁrm that the interaction is speciﬁc.
We repeated hundreds of force measurements for each
duplex hybridization. Mean rupture force was calculated,
along with a 95% certainly conﬁdence limit. The
histogram of the four kinds of rupture forces with the
same tip is displayed in Figure 3. Rupture forces show a
wide distribution, which can be ﬁtted with a Gaussian
distribution curve. The wide distribution of rupture forces
is due to the variation of the tip-surface contact area at
diﬀerent spots, the thermal ﬂuctuations of the cantilever,
and the uneven distribution of target ODNs on the
substrate. The peak shifts to lower force in the case of
mismatched ODNs. ODN 1 had the largest rupture force,
measuring 1.63 0.06 nN. According to our previous
work, a single duplex rupture force between hairpin probe
and ODN 1 was in the same order of magnitude as those
reported by other groups using the Poisson statistical
method (18). The rupture forces of perfectly matched
ODN and nine kinds of single base mismatched ones are
given in the Supplementary Data (Table S-1). Unlike
ﬂuorescence analysis, the diﬀerences in rupture force
among the nine kinds of single base mismatched ODNs
were small, indicating only small sensitivity variations.
For example, the sensitivity of ODN 7-2 was 1.5 times that
of ODN 8-3.
Mutation analysis withmelting curveanalysis
There is a signiﬁcant diﬀerence between ﬂuorescence
analysis and force spectroscopy analysis. Speciﬁcally, the
hairpin probe in the former method experiences an open
course due to hybridization, whereas, in the latter method,
the hairpin probe––target DNA duplex denatures by
force. To investigate whether the diﬀerent sensitivity
sources of these two methods derived from the diﬀerent
processes of hybridization and denaturing, a melting curve
analysis, in which the hairpin probe—target DNA duplex
denatures by elevated temperature, was carried out using
the same probe-target pairs as those used for force
spectroscopy analysis. Measurements to each duplex
were repeated three times.
Figure 4 shows the duplex melting curves of the
perfectly matched ODN and mismatched ODN with the
hairpin probe, respectively. The temperature at which
ﬂuorescence intensity rapidly falls is the denaturing (or
‘melting’) temperature (Tm) of the probe-target duplex
and is visualized as a peak in the plot of the negative
derivative of ﬂuorescence versus temperature. The Tm
listed in inset shows that the single base mismatched ODN
was lower than that of the perfectly matched ODN. The
intercalator gradually departs from the duplex as it
becomes a single strand. Where there is a mismatch, the
melting point is lower, and thus the intercalation departs
more rapidly (31). The normalized Tm of ODN 3, ODN 7
and ODN 8 with the probe, which is given in Figure S-3
and is compared with the error bar from the calculation of
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could only be discerned with diﬃculty by using this
approach. However, even ODN 7, the easiest one to detect
in ﬂuorescence analysis and force spectroscopy analysis,
showed a very small Tm diﬀerence from the perfectly
matched one.
DISCUSSION
The sequence-dependent eﬀect limits the application of the
hairpin probe in discriminating a single base mismatch
(20, 21). A hairpin probe designed to diminish this eﬀect
appears to be quite diﬃcult to manufacture, and there has
been no report of a system that could avoid the eﬀect
without a change in probe sequence being required. Force
spectroscopy analysis was highly signiﬁcant and very
useful in nucleic acid interactions (25), and it is now
reported to be a novel approach in avoiding the sequence-
dependent eﬀect through its high and even sensitivity.
To make the sensitivity diﬀerence between ﬂuorescence
analysis and force spectroscopy analysis clear, the results
are plotted in Figure 5. The black bar indicates the
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initial velocity of the normalized ﬂuorescence. It is clear
that the sensitivity of force spectroscopy analysis of every
kind of ODN is high and almost at the same level, while
the sensitivity of ﬂuorescence analysis ﬂuctuates. This
result indicates that force spectroscopy analysis does
always work once mismatched ODN occurs.
The relatively high and even sensitivity of force
spectroscopy analysis might be explained in two ways.
First, DNA duplex interaction is monitored at a molecular
level using force spectroscopy analysis, which is diﬀerent
from homogenous ﬂuorescence analysis in nature. The
collective signal of all molecules is recorded, and a small
change in the signal can easily be submerged. The
sequence-dependent eﬀect of the hairpin probe has an
obvious inﬂuence. However, the force spectroscopy
analysis signal results from the interaction of a few
molecules immobilized on the both tip and substrate (22).
The percentage of rupture force reduction, therefore,
could be directly and dramatically inﬂuenced by the
percentage of secondary structure disruption to which
each mismatched base pair contributes, in spite of their
mismatched location and identity. This is the key reason
for the even sensitivity in the force spectroscopy analysis.
Additionally, Strunz et al. and Stattin et al. (24, 25) both
reported an approximate 10–20% reduction induced by a
single base mismatch in line DNA probe. The discrepancy
between their results and ours—which yielded an almost
50% reduction—could be explained, in part, by our
previous work, which indicated that the speciﬁc discrimi-
nation capability of the hairpin probe is higher than that
of the linear DNA probe. Certainly, a diﬀerent base
sequence design and secondary structure could contribute
to this diﬀerence.
The second aspect is the increased probability of
molecular collision in heterogeneous hybridization using
AFM by controlling the two molecular-modiﬁed-surfaces.
This high probability of molecular collision is a key issue
for single base mismatch detection based on DNA
hybridization in both homogeneous ﬂuorescence analysis
and heterogeneous force spectroscopy analysis. Hence,
force spectroscopy analysis is anchored to the both probe
and target, which gives our binding reaction higher
eﬃciency.
Compared with the other two methods, the sensitivity
of a melting curve analysis is the lowest. This could be
attributed to a lack of speciﬁcity for any particular duplex
(31). The stem-loop structure of the hairpin probe also did
not show any advantages in this case. Both melting curve
analysis and force spectroscopy analysis are based on the
denatured course of the DNA duplex, and the much lower
sensitivity of our melting curve analysis indicates that
there is no obvious relationship between the analysis
sensitivity and the course of denaturing or hybridization.
The sensitivity of the force spectroscopy analysis was
derived from the nature of the method.
In terms of its sensitivity level when detecting a single
base mismatch with the same hairpin probe, we found that
force spectroscopy analysis resulted in the identiﬁcation of
all kinds of mismatched target ODNs. These encouraging
ﬁndings both shed new light on the nature of diﬀerent
mutation analysis methods and provide evidence that the
approach would be very helpful to the extension of the
applied range of the hairpin probe through diminishing
the sequence-dependent eﬀect.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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